Abstract (NH 4 ) 3 PMo 12 O 40 and (NH 4 ) x X y PMo 12 O 40 mixed salts (X: Sn, Sb and Bi) were prepared at pH 4 and characterised by IR, Raman and UV-Vis spectroscopies, 31 P NMR, XRD, BET and thermal analysis (TG and DTA). The different salts were tested in propan-2-ol decomposition at 100°C, after pretreatment in situ under nitrogen stream in 150-250°C temperature range. Their properties were compared with those of (NH 4 ) 3 PMo 12 O 40 , prepared at pH 1. The salts are active and the distribution of reaction products (propene, diisopropyl ether (DIPE) and acetone) depends both on the operating conditions and the catalyst composition. Propene selectivity increases from ca. 23 to ca. 95 % with the pretreatment temperature for all catalysts. The comparison of catalytic behaviour of salts for a pretreatment temperature of 200°C shows that they are selective towards DIPE and that among them, SbPMo 12 is the most selective one (ca. 72 %). The acetone, a dehydrogenation product, is mainly observed for salts prepared at pH 4, when the pretreatment temperature is low (150°C) with selectivities of ca. 32-65 %.
Introduction
Alcohols and ethers are used as oxygenated additives to motor fuels and as antiknock components in gasoline. They increase the octane number and reduce the emissions of gases to greenhouse effect (CO x and NO x ). These oxygenated compounds have partially replaced the lead-based salts that are toxic and pollutant. Among the tertiary ethers, such as ethyl tertiary butyl ether, tertiary amyl ethyl ether and tertiary amyl methyl ether, MTBE is the oxygenated additive currently, the most widely used in the reformulated gasoline and also one of organic chemicals the most produced industrially [1] . However, the major drawback of this ether is its easy diffusion in the ground water, its slow biological breakdown and its unpleasant odour. The diisopropyl ether (DIPE) can be a potential candidate to substitute the MTBE. It has the advantage to increase the octane number and to have a lower vapour pressure. Various works proposed the synthesis of the DIPE from propene and water in a two-stage process [2] , from a feed of acetone and hydrogen in a two-stage process [3] or onestep process [4] and from acetone feedstock [5] . The DIPE can be also synthesised either from a feed of propylene and water [6] or from a feed of propene and isopropanol over an acidic ion exchange resin like Amberlyst 15 [7] . The synthesis of the DIPE from the isopropanol decomposition was examined over aluminosilicates supported sulfopolyphenylketone (or polyphenylketone) [8] and over sulphated titania [9] .
The use of polyoxometalates and particularly those having the Keggin structure as solid catalysts offer strong option for efficient and cleaner process compared with polluting corrosive liquid catalysts as conventional mineral acids and highly acidic resins like Amberlyst. It is well known that Keggin-type heteropoly acids (HPAs) are strong Brönsted acids and that they catalyse a wide variety of reactions in homogeneous and heterogeneous phases. Among the heteropoly acids, H 3 PW 12 O 40 and H 4 SiW 12 O 40 were found effective in MTBE [10, 11] and DIPE synthesis [12] . One of the characteristics of polyoxometalates is their ability to easily absorb polar molecules, such as alcohols and ethers. The reactant molecules in the gas or liquid phase penetrate in between the polyanions and react inside the bulk solid. This concept is known as 'pseudoliquid' catalysis [13] .
In this study, we have used the ammonium salt of 12-molybdophosphoric acid that is mesoporous with a large surface area and which exhibits better thermal stability than the parent acid, and we have replaced partially ammonium ions by antimony, bismuth or tin to increase the density of acid sites necessary to isopropanol dehydration. We report here the synthesis at pH 1 and 4 for (NH 4 [15] . This latter could lead to a higher number of ammonium ions that can increase the acidity of solid, favourable to the isopropanol dehydration reaction. 
Experimental

Characterisation
BET surface area measurements were performed at liquid nitrogen temperature using a Micromeritics Accusorb 2100E. Prior to each adsorption-desorption measurement, the sample was degassed at T = 130°C for 16 h. Infrared spectra were recorded on a Bruker IFS 66 FT-IR spectrometer with samples prepared as KBr disks on the 400-4,000 cm -1 range. Laser Raman spectroscopy data were obtained with a Kaiser Optical Systems Holollab 5000R model, equipped with near-IR laser diode (k exc = 785 nm) and CCD detector. The laser power was adjusted to 10 mW at the sample position to prevent local heating effects. 31 P MAS NMR spectra were measured at room temperature on a Bruker Avance 400 spectrometer. 85 % H 3 PO 4 was used as an external reference.
UV-Visible diffuse reflectance spectra were recorded in the 200-800 nm regions on a Varian Cary 5E spectrometer equipped with a polytetrafluoroethylene (PTFE) integration sphere. PTFE was used as a reference.
X-ray diffraction powder patterns were obtained on a D8 Advance Bruker AXS diffractometer using Cu Ka radiation and VANTEK fast detector in HTK16 ANTON PAAR room.
Thermogravimetric and differential thermal data were collected on a SDT-2960 thermal analyzer. The thermogravimetry and differential thermal analysis experiments were performed under air flux, using 25-70 mg samples and a heating rate of 10°C/min.
Catalytic test
Isopropanol decomposition reaction was carried out at 100°C in a continuous flow fixed-bed Pyrex tubular reactor working at atmospheric pressure. Before each reaction, the catalyst (200 mg) was pretreated in situ for 2 h at 150-250°C range temperatures (heating rate of 5°C/min) under nitrogen stream with a flow of 2 l/h. A thermocouple was installed within the reactor, in contact with the catalyst bed, control the temperature. The space time in the reactor was of 0.72 s. Isopropanol partial pressure in the gas feed was adjusted to 4 kPa by the mean of a saturator followed by a condenser cooled to 273 K. Isopropanol was then introduced and passed through the catalyst by bubbling nitrogen (flow rate of 16.67 ml/min).
Reactant (isopropanol) and products (propene, diisopropyl ether and acetone) were analysed with an online gas chromatograph with a 2-m (i.d., 3 mm) column of 8 % Carbowax1540/Chromosorb (W80-100 mesh) and a flame ionization (FID) detector (Delsi ICG 121 Ml). Conversion and selectivities were measured after 5 h of reaction at each pretreatment temperature, when nearly steady-state is reached.
Results
Characterization
The BET surface areas of (NH 4 Fig. 1a) , shows the characteristic bands of the Keggin structure in the low wave number region (1,100-500 cm . The IR spectrum is not affected by the increase of pH (pH 4) as a consequence of the no modification of the Keggin anion symmetry (Fig. 1b) . IR spectra of substituted salts (Fig. 2) , prepared at pH 4, are similar and show that the Keggin structure was not modified.
The Raman spectra of different salts are shown in Fig. 3 . The Raman spectra of (NH 4 ) 3 PMo 12 prepared at pH 1 and pH 4 and that of BiPMo 12 , in the low wave number region (1,000-240 cm -1 ) exhibit the characteristic bands of the Keggin unit. According to literature data [17] , the bands at 988, 876, 608 and 240 cm
and v s (Mo-O a ) metal-oxygen vibrations, respectively. The shoulder at 971 cm -1 is attributed to t as (Mo=O d ). Its intensity is lower in the case of salts prepared at pH 4, suggesting that a pH increase has an effect on the ammonium salt formation. The P-O a vibration of PO 4 tetrahedron is Raman-inactive. The observed vibration bands at 988 and 240 cm -1 are the most intense. In Raman spectroscopy, the dark colour of the SbPMo 12 and SnPMo 12 salts, reflecting their reduced state, does not permit their analysis as the incident beam is absorbed by the reduced sample [18] .
UV-Visible diffuse reflectance seems to be a very appropriate technique to distinguish the electronic properties of the Mo ions. In the UV-Vis spectra of salts, prepared at pH 1 and pH 4 (Figs. 4, 5 [14, [18] [19] [20] [21] . These energies have been also associated with cationic composition of the Keggin secondary framework, crystallinity of the compound and oxidation potential of the oxometal. In addition to this broad absorption band, another large charge transfer band was observed above 700 nm for both SnPMo 12 and SbPMo 12 samples that may be attributed to the d-d transition band of d 1 Mo(V) species in octahedral coordination [22] [23] [24] [25] . This result suggested a partial reduction of Mo(VI) to Mo(V) in both SnPMo 12 and SbPMo 12 salts corresponding to the electron exchange occurring between Sb(III) or Sn(II) and Mo(VI) as follows:
In 31 P NMR analysis, (NH 4 ) 3 PMo 12 , prepared at pH 1( Fig. 6 ) and BiPMo 12 (Fig. 7) , gave only one peak, at -4.4 ppm. The chemical shift of 31 The thermal stability of salts was investigated by thermogravimetric (TG) and differential thermal analysis (DTA) (Fig. 8) . The TG curves of two (NH 4 ) 3 PMo 12 salts and that of BiPMo 12 ( Fig. 8a-c) show that there are three steps of weight loss between 25 and 500°C. Before 200°C, the weight loss is attributed to crystallization water desorption and between 200 and 500°C, the weight loss that was conducted in two steps, is assigned to ammonium ions' departure. In the DTA curves (Fig. 8a-c (Fig. 8d, e) , continuous weight loss is observed between 25 and 500°C. The broad exothermic peaks with maxima at 449 and 503°C are assigned to the complete decomposition of SnPMo 12 and SbPMo 12 , respectively. The thermal stability of SnPMo 12 sample is the highest, probably due to strong reducing character of tin ions, as shown in UV-Visible.
The XRD patterns corresponding at 25, 200 and 400°C (Fig. 9a) are characteristic of the ammonium salt prepared at pH 1 that crystallizes in a cubic system (JCPDS 09-0412). The XRD patterns of the ammonium salt prepared at pH 4, recorded at 25°C and after thermal treatment at 200°C (Fig. 9b) , are similar to that of the ammonium salt prepared at pH 1, but with additional lines, in particular in the (2h: 5-30°) domain. These lines disappear after a pretreatment at 400°C and the cubic structure take place. The patterns of XPMo 12 salts (Fig. 10a-c) are similar to that of no substituted salt, prepared at pH 1, suggesting that XPMo 12 crystallizes in the same system (cubic). This observation confirms that X stabilizes the cubic structure. The XRD patterns of all salts, after treatment at 400°C, show that the cubic structure was maintained. This indicates that all samples maintain their structure when most of ammonium cations were eliminated as observed in TG analysis. This phenomenon agrees with that observed by Sultan et al. [26] . After treatment at 450°C, the XRD analysis shows the formation of molybdenum trioxide in the monoclinic form (b MoO 3 ) and in the [15] . These results also showed that the partial substitution of the ammonium ions by Sn, Bi or Sb ions stabilizes the Keggin anion at pH 4, probably due to the X n? ion hydrolysis that led to a decrease of the pH during the salt preparation.
Catalytic test
Decomposition of isopropanol occurs by two parallel reactions, the dehydration carried out in acidic sites giving the olefin (propene) and diisopropyl ether (DIPE) and the dehydrogenation to acetone occurring either in basic sites/ concerted acid-base pair or redox sites [28] [29] [30] [31] [32] [33] . On the other hand, it has been observed that strong Brönsted acid sites seem to catalyse the isopropanol decomposition to propene and weak acid sites to isopropyl ether via bimolecular recombination of isopropoxide species.
In this study, propene, diisopropyl ether and acetone are the observed reaction products with some selected catalysts. The obtained catalytic results (propan-2-ol conversion and product selectivities) on pretreated heteropoly salts under nitrogen in situ for 2 h at different temperatures (150-250°C) and tested at 100°C are shown in Figs. 11, 12 and Table 1. Figure 11 shows that for all catalysts, the isopropanol conversion increases rapidly with pretreatment temperature and seems be nearly independent of reaction time, whatever the pretreatment temperature. Moreover, the isopropanol decomposition proceeded without catalyst deactivation. These results emphasize the increase of the density or the acidity strength of active sites with pretreatment temperature and emphasize also the high stability of HPSs. Figure 12 shows also that for all catalysts, bimolecular reaction to form isopropyl ether also seems be nearly independent of reaction time whatever the pretreatment temperature. The same observation was made on the isopropanol dehydration to propene (Figure not shown) . These results suggest that the DIPE formation requires acid sites different from those of the alcohol dehydration to propene. Therefore, both reactions occur in parallel: one requiring weak acid sites (in the case of DIPE) and the other strong acid sites (in the case of propene), based on the results reported by some authors [32, 33] .
All data of Table 1 were collected after 5 h of reaction. For the catalysts prepared at pH 4, the conversion passes from ca. 2-7 % to ca. 70-94 % when the pretreatment temperature increases from 150 to 250°C, showing a high concentration of active sites at high pretreatment temperature. It is noteworthy that (NH 4 ) 3 PMo 12 , prepared at pH 1, is active at low pretreatment temperature (150°C) with ca. 49 % against ca. 2 % of conversion for those prepared at pH 4. These results cannot be explained on the basis of the structure of salts (cubic system) because it does not change in the 25-400°C temperature range, as shown by XRD analysis and on the basis BET surface areas values, since no parallel is observed with the conversion values. However, this can be explained by the concept 'pseudoliquid' catalysis [13] . The pretreatment of the catalyst at 250°C has probably caused an increase in the volume of the crystal lattice and, therefore, a strong absorption and a high isopropanol concentration into the solid bulk to undergo the decomposition. On the other hand, it was reported that the polar molecules like alcohols are readily absorbed into the solid bulk expanding the distance between the polyanions after the total departure of water molecules. The product distribution is very sensitive to both pretreatment temperature and chemical composition of salt (Table 1) . As for the catalytic activity, propene selectivity increases from ca. 23-44 to ca. 51-95 % with the pretreatment temperature (from 150 to 250°C), for all catalysts. These results indicate that a high pretreatment temperature leads to strong acid sites favoring the formation of propene.
The acetone, dehydrogenation product, is mainly observed for salts prepared at pH 4, when the pre-treatment temperature is low (150°C) with selectivities of ca. 32-65 %. The obtained high selectivity in the presence of SnPMo 12 (65 %) can be attributed to the high reducing power of the ion Sn(II) and consequently to the simultaneous presence of redox couples, Mo(VI)/Mo(V) and Sn(IV)/Sn(II) as observed by UV-Visible spectroscopy. These active sites favouring the dehydrogenation activity decrease strongly to the detriment of those that promote isopropanol dehydration, when the pretreatment temperature increases.
While, the appearance of acid sites favourable to DIPE formation seems to depend on the operating conditions and the composition of the catalyst. In the case of (NH 4 ) 3 PMo 12 , DIPE selectivity decreases from ca. 74 to ca. 5 % with increase of pretreatment temperature from 150 to 250°C with the salt prepared at pH 1, unlike to that prepared at pH 4, where the highest selectivity to DIPE was observed at a pretreatment temperature of 200°C (ca. 64 % against ca. 34 and ca. 41 % for 150 and 250°C respectively). In the case of substituted salts, for a temperature of 150°C, isopropanol dehydration toward DIPE is not observed in the presence of SnPMo 12 , while it is of ca. 22 The comparison of catalytic behaviour of XPMo 12 salts shows that the highest DIPE yields are obtained for SbPMo 12 , pretreated at 200°C (ca. 33 %) and for BiPMo 12 and SnPMo 12 pretreated at 250°C (ca. 32 and 23 % respectively). The presence of active acid sites favourable to DIPE formation can be attributed to water coordination of both X n? and NH 4 ? ions. Pretreated at 200 or 250°C, the catalyst still retains the water of coordination of X n? ions in addition the ammonium ions as observed by thermal analysis. Niiyama et al. [34] showed that the dehydrating activity of a solid may be related to water coordination of M n? ions that generates protons from the following equation:
It is known that the hydrated ions are weak Brönsted acids. When the coordination water of X n? ions is removed, the weak Brönsted acid sites are transformed into Lewis acid sites that favour the formation of propene. Sel.DIPE (%) Time (min) Fig. 12 Selectivity of DIPE as function of time at 100°C for various catalysts The catalytic results showed that the pretreatment temperature is an important factor to take into consideration with this type of material and also showed their ability to absorb and desorb rapidly the reagent and the reaction products, respectively, at low reaction temperature (100°C) without changes in overall bulk crystal structure. On the other hand, the pH increase in the (NH 4 ) 3 PMo 12 salt preparation seems not to have a strong effect on their catalytic properties.
Conclusion
The physicochemical characterizations of substituted salts, XPMo 12 , prepared at pH 4 are similar to those of (NH 4 ) 3 PMo 12 , prepared at pH 1, showing that the pH has no effect on the structure of Keggin anion and on that of polyoxometalate. With a pH 4, the (NH 4 ) 7 PMo 11 O 39 lacunary compound seems to be obtained.
It was shown in this work that based ammonium salts of 12-molybdophosphoric acid are effective for the direct isopropanol decomposition to DIPE compared to traditional etherification catalysts such as highly acidic ion exchange resins and strong mineral acids that are polluting and corrosive.
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